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Somatic Gene Transfer of Nerve Growth Factor Promotes the 
Survival of Axotomized Septal Neurons and the 
Regeneration of Their Axons in Adult Rats 

Michael D. Kawaja,’ Michael B. Rosenberg,* Kazunari Yoshida,’ and Fred H. Gage’ 

Departments of ‘Neurosciences and *Pediatrics, University of California at San Diego, La Jolla, California 92093-0624 

lntracerebral grafts consisting of primary fibroblasts genet- 
ically engineered to express NGF were used to assess the 
regenerative capacity of cholinergic neurons of the adult rat 
septum. Our data reveal that NGF-producing grafts sustain 
a significantly higher proportion of NGF receptor-immuno- 
reactive septal neurons following axotomy (-6575%) than 
do grafts of noninfected fibroblasts. In addition, NGF pro- 
motes the regeneration of septal axons. Following the ab- 
lation of cholinergic septal projections to the hippocampus, 
NGF-producing grafts placed within the lesion cavity contain 
large numbers of AChE-positive axons; control grafts, on the 
other hand, lack such cholinergic axons. Ultrastructural ex- 
amination reveals that unmyelinated axons within NGF-pro- 
ducing grafts use many different substrates for growth, in- 
cluding astrocytes and components of the extracellular 
matrix. Grafts of control fibroblasts possess the same cel- 
lular and matrix substrates but contain only a small popu- 
lation of axons, probably of peripheral origin. AChE-positive 
axons growing through NGF-producing grafts provide a new 
topographically organized input to the deafferented hippo- 
campal dentate gyrus. Furthermore, regenerating septal ax- 
ons terminate predominantly on the dendritic processes of 
granular neurons. The dentate gyrus ipsilateral to grafts of 
noninfected fibroblasts, on the other hand, remains devoid 
of AChE-positive fibers. From these results, we conclude 
that the availability of NGF is a necessary requirement to 
sustain axotomized cholinergic septal neurons and to pro- 
mote axon regeneration and cholinergic reinnervation of 
dentate granular neurons by these lesioned neurons. The 
presence of many permissive substrates (e.g., astrocytes, 
basal lamina, and collagen) alone, however, is not sufficient 
to induce axon regrowth from adult septal neurons. 

Genetic engineering of cultured cells is a useful approach to 
supplement or augment deficiencies ofenzymes or enzyme prod- 
ucts due to disease or damage (Anderson, 1984; Friedmann, 
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1989). For systemic applications, studies to date have revealed 
that a variety of cell types may be used as donor populations 
for gene transfer in vitro and subsequent implantation (Seldon 
et al., 1987a,b; St. Louis and Verma, 1988; Palmer et al., 1989). 
Both immortalized cell lines and primary cells genetically mod- 
ified using retroviral vectors in vitro continue to synthesize and 
secrete the transgene product after grafting into the body cavity 
(Palmer et al., 1987, 1989; St. Louis and Verma, 1988). It has 
been proposed that genetic modification of cells may also serve 
as an alternative means of supplementing deficient enzymes 
(e.g., tyrosine hydroxylase) or augmenting growth factors (e.g., 
NGF) within the damaged or aged mammalian brain (Gage et 
al., 1987). Previous investigations have shown that immortal- 
ized cell lines, including rat 208F fibroblasts, mouse NIH-3T3 
fibroblasts, and rat C6 glioma, can be genetically engineered to 
express transgenes in vitro (Rosenberg et al., 1988; Wolf et al., 
1988; Shimohama et al., 1989; Wolff et al., 1989; Horellou et 
al., 1990; Stromberg et al., 1990). As observed following sys- 
temic implantation, immortalized cells grafted within the CNS 
often give rise to tumors (Shimohama et al., 1989; Horellou et 
al., 1990). Using primary cells is one approach to circumvent 
the problem of tumorigenesis after intracerebral grafting. Recent 
data from our laboratory have revealed that autologous and 
isologous grafts of primary skin fibroblasts can survive up to 6 
months following implantation within the rat striatum (Kawaja 
et al., 199 1; Kawaja and Gage, 1992). Also, the growth of these 
grafts is negligible between 3 and 8 weeks in vivo; the grafts 
neither form tumors nor atrophy. Finally, expression of trans- 
genes by genetically modified primary fibroblasts can be de- 
tected up to 10 weeks after intracerebral implantation (Fisher 
et al., 1991). Together, these results provide encouraging evi- 
dence for the successful use of primary fibroblasts for gene trans- 
fer and subsequent implantation within the mammalian brain. 

Previous studies have revealed that genetically engineered 
immortalized fibroblasts (rat 208F and mouse NIH-3T3) ex- 
pressing the transgene for NGF sustain axotomized cholinergic 
neurons within the rat septum (Rosenberg et al., 1988; Striim- 
berg et al., 1990). There, cholinergic neurons appear to be highly 
dependent upon the availability of neurotrophic factors for sur- 
vival following perturbation, since lesion-induced retrograde 
degeneration of these neurons may be prevented by infusing 
NGF into the ventricular cavity immediately adjacent to the 
damaged septum (Hefti, 1986; Williams et al., 1986; Kromer, 
1987; Gage et al., 1988a; Montero and Hefti, 1988). To obviate 
concerns of tumor formation and possible immune rejection so 
often associated with immortalized cells grafted within the CNS, 
we have focused on using primary skin fibroblasts for the in- 
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tracerebral delivery of NGF; the donor and recipients of these 
cells are from the same inbred strain of rats (e.g., Fischer 344). 
In the first part of this investigation, we used a similar experi- 
mental paradigm as Rosenberg et al. (1988) and Stromberg et 
al. (1990) to determine whether primary cells, genetically mod- 
ified to produce NGF, are capable of transgene production in 
viva, and thereby able to provide trophic support to perturbed 
cholinergic septal neurons. To address this issue, NGF-produc- 
ing and noninfected primary fibroblasts were either placed di- 
rectly within the septal parenchyma near the somata of axotom- 
ized neurons or suspended within a collagen matrix and placed 
in the lesion cavity. In the second part, we sought to determine 
the role of NGF in the regeneration of lesioned axons in the 
adult CNS. While we have previously found that intracerebral 
grafts of NGF-producing skin fibroblasts could induce axonal 
sprouting (Kawaja and Gage, 1991b), several other questions 
remain unaddressed: (1) can these grafts promote axon regen- 
eration among NGF-sensitive neuronal populations following 
axotomy, (2) can these grafts provide a suitable environment 
for axonal growth, and (3) can regenerating axons arising from 
NGF-producing grafts reinnervate target sites within the adult 
brain? To answer these questions, we have taken a new approach 
to assess the importance of NGF in the regenerative capacities 
ofrat septal neurons after axotomy (i.e., primary skin fibroblasts 
genetically modified to express NGF were suspended within a 
collagen matrix and placed in the lesion cavity following abla- 
tion of septal axons). Here we will provide data showing that 
collagen/fibroblast matrices can serve as both a cellular source 
of NGF and a conducive “bridging” environment for septal 
axons regrowing toward the deafferentated hippocampus. 

Materials and Methods 
Generation and maintenance of NGF-producing cells 
Primary skin fibroblasts were obtained from biopsies of the ventral 
abdominal wall of a female Fischer 344 rat anesthetized with a mixture 
of ketamine (75 m&kg), xylozine (4.0 mg/kg), and acepromazine (5.6 
mg/kg) (Sedgwick, 1980). These cells were grown under standard culture 
conditions, fed Dulbecco’s modified Eagle’s medium (DMEM), and split 
1:3 once confluent. We used retroviral vectors containing the cDNA for 
mouse P-NGF to infect primary cells in culture, according to Rosenberg 
et al. (1988). The infected cells were then selected with the neomyocin 
analog G4 18. Both infected and noninfected fibroblasts were maintained 
under similar culture conditions for up to 16 passages. Twenty-four 
hours prior to isolating the cells for intracerebral implantation, fresh 
medium was added to the cultures. A two-site immunoassay (antisera 
and reagents obtained from Boehringer-Mannheim) was used to deter- 
mine the levels of NGF production (that found within the cells) and 
secretion (that found within the media after 24 hr) by infected and 
noninfected cells, at low and high passages. 

Northern blot analysis 
Using the method of Chomczynski and Sacchi (1987), total cellular 
RNA was isolated from ( 1) Rat 1 immortalized fibroblasts and primary 
skin fibroblasts infected with retroviral vectors containing the cDNA 
for mouse NGF, (2) primary skin fibroblasts infected with retroviral 
vectors containing the gene for Escherichia coli P-galactosidase, (3) non- 
infected Rat1 and primary skin fibroblasts, and (4) male mouse sub- 
maxillary gland. The RNA samples were separated on a 1.2% agarose 
gel containing 1.85% formaldehyde and transferred to a charged-mod- 
ified nylon membrane by vacuum blotting. Following transfer, RNA 

the random primer method (according to the protocol from the man- 
ufacturer, Bethesda Research Labs). The labeled DNA was denatured 
by boiling, one-third was added directly to the prehybridization solution, 
and hybridization took place for 16 hr at 42°C. The blot was then washed 
at high stringency (0.1 x SSC at 65°C) for 30 min and exposed to x-ray 
film for 2.5 hr. 

Preparation of cells for implantation 

All primary fibroblasts used for intracerebral grafting purposes were 
harvested at postconfluence. The cultures were first rinsed in phosphate- 
buffered saline and then in trypsin; the number of cells was determined 
using a Coulter counter. Two different approaches were taken to graft 
primary skin fibroblasts into the damaged adult rat brain. First, infected 
and noninfected control cells were suspended in a grafting solution of 
phosphate-buffered saline supplemented with 1 p&ml of MgCl, and 
CaCl,, and 0.1% glucose. Second, a total of 1 O6 infected and noninfected 
cells were suspended and aliquotted in 4.5 ml of DMEM. Type I rat 
tail collagen (Sigma, St. Louis,.MO) was dissolved with 0.1% acetic acid 
for a final concentration of 3% collagen. Sodium hydroxide (0. lN, -300 
~1) was added to the cell suspension to neutralize the medium. The 
collagen was then added to the cell suspension (for a final concentration 
of 1% collagen), mixed, and aliquotted into centrifuge tubes. The col- 
laaen/fibroblast matrices were incubated for 48 hr at 37°C in medium. 

Several parameters for choosing cells for intracerebral grafting were 
consistently followed: (1) infected and noninfected cells selected for 
implantation were always taken at similar passage numbers for each 
surgical session; (2) cells at a lower passage (7-9) were preferentially 
used over those at a higher passage (14-l 6), due in part to the higher 
levels of NGF production among infected cells (see Results); and (3) 
noninfected cells were used as a control population, rather than cells 
genetically engineered to express non-neural transgenes (e.g., primary 
fibroblasts containing E. coli P-galactosidase cDNA), so that we could 
more closely compare our results to those previously reported by Ro- 
senberg et al. (1988) and Stromberg et al. (1990). 

Surgery and implantation of cells 
Sixty-six female Fischer 344 rats (weighing approximately 180-200 gm 
at the time of surgery) were anesthetized with a mixture of ketamine 
(75 mg/kg), xylozine (4.0 mg/kg), and acepromazine (5.6 mg/kg). The 
animals were placed in a Kopf stereotaxic frame, their heads were shaved, 
and antiseptic was applied. Twenty-two animals first received stereo- 
taxic placements of either NGF-producing (n = 10) or noninfected (n 
= 12) primary skin fibroblasts into the posterior/medial septal area 
unilaterally. A total of 2 x lo5 cells/jd suspended in 1.5 ~1 of grafting 
solution was injected per site; these intracerebral grafts will be referred 
to as suspension grafts. Then, unilateral aspiration lesions through the 
overlying cingulate cortex and fimbria-fomix (FF) pathway were per- 
formed under stereoscopic vision. These animals were killed 4 weeks 
after surgery. Another 40 female animals received similar unilateral 
lesions of the cingulate cortex and FF pathway, following which pieces 
of the collagen/fibroblast matrices (approximately 2-3 mm3 in size) were 
placed into the wound cavity. These animals were killed 4 or 8 weeks 
after surgery. Another four animals received only cingulate cortex and 
FF lesions, and these animals survived for 4 weeks after surgery. 

Tissue preparation 
Following a 4 week postoperative survival period, those animals with 
suspension grafts or with lesions alone were deeply anesthetized (as 
above) and perfused transcardially with a solution of 4% paraformal- 
dehyde in 0.1 M phosphate buffer (pH 7.3). The brains were removed 
and stored in the same fixative overnight at 4°C and then in 30% 
phosphate-buffered sucrose for 3 d at 4°C. The brains were sectioned 
in a coronal manner (40 pm thick) on a freezing microtome and collected 
in 0.1 M Tris-buffered saline (TBS, pH 7.3). Alternate sections through 
the septal area were stained immunohistochemically for NGF receptor 
and fibronectin (see below). Sections through the septum and lesion site 
were stained for Nissl substance using aqueous 0.5% thionin. Sections 

was cross-linked to the membrane with ultraviolet light. The blot was through the lesion cavity and hippocampus were stained histochemically 
prehybridized for 2 hr at 42°C in a solution containing 50% deionized for acetylcholinesterase (AChE) using a modified method of Hedreen 
formamide, 5 x Denhardt’s reagent, 5 x SSPE, 0.5% SDS, and 100 lugs et al. (1985). 
ml sheared herring sperm DNA. Following postoperative periods of 4 and 8 weeks, those animals with 

A double-stranded DNA probe for mouse NGF was prepared by collagen/fibroblast grafts were deeply anesthetized (as above) and per- 
isolating the full-length coding region from plasmid pSPN 13’ as a 1 fused transcardially with 4% paraformaldehyde in 0.1 M phosphate buff- 
kilobase (kb) PstI fragment (Wolf et al., 1988) and labeling 20 ng by er (pH 7.3). For those cases processed for electron microscopic exam- 



The Journal of Neuroscience, July 1992, f2(7) 2851 

ination, 0.1% glutaraldehyde was added to the buffered 4% 
paraformaldehyde fixative. The brains were removed, postfixed over- 
night at 4°C and then placed in 30% phosphate-buffered sucrose for 3 
d at 4°C (brains examined at the ultrastructural level were not stored 
in sucrose). The cryoprotected brains were cut in a coronal fashion (40 
pm in thickness) on a freezing microtome, and the uncryoprotected 
brains were cut in a coronal fashion (50 pm in thickness) on an Oxford 
vibratome. All sections were collected in TBS. Alternate sections through 
the septal area were stained immunohistochemically for NGF receptor. 
Sections through the lesion cavity and collagen/fibroblast grafts were 
stained for Nissl substance and AChE, as well as immunostained for 
NGF receptor, laminin, glial fibrillary acidic protein (GFAP), and ty- 
rosine hydroxylase (TH). Sections through the hippocampus were stained 
for AChE, NGF receptor, and TH. Unstained sections (50 pm in thick- 
ness cut on a Vibratome) through the collagen/fibroblast grafts and 
AChE-stained sections through the hippocampus were also processed 
for ultramicrotomy (see below). 

Immunohistochemistry 

Immunohistochemical detection of NGF receptor, TH, and GFAP. The 
sections were initially treated in a solution of 0.6% aqueous hydrogen 
peroxide for 30 min, briefly rinsed in TBS, and incubated in a solution 
containing TBS, 3% normal horse serum, and 0.25% Triton-X for 1 hr 
(this solution was used to dilute all antibodies). The sections were then 
incubated for 48 hr at 4°C in a solution containing one of the following 
antibodies: monoclonall92 IgG to NGF receptor (Chandler et al., 1984; 
1: 100 dilution), monoclonal IgG to TH (Boehringer-Mannheim; 1:250), 
and monoclonal IgG to GFAP (Amersham; 1: 100). Control sections 
were incubated in solutions lacking primary antisera. All sections were 
then rinsed in buffer and incubated in biotinylated horse anti-mouse 
IgG (1: 167) for 1 hr at room temperature. After another rinse with 
buffer, the sections were incubated in avidin-biotin complex (Vector 
Laboratories) for 1 hr. They were then rinsed again and reacted in a 
solution containing 0.025% diaminobenzidine tetrahydrochloride, 0.5% 
nickel chloride. and 0.018% hvdroaen ueroxide in TBS for 5 min. The 
reaction was stopped by rinsing the sections in buffer. 

Immunohistochemical detection for laminin andjbronectin. The sec- 
tions were initially treated with 0.6% aqueous hydrogen peroxide, rinsed, 
and incubated in a solution of TBS, 3% normal goat serum, and 0.25% 
T&on-X. The sections were then incubated in the same solution as 
above with the addition of either rabbit anti-human fibronectin (1:2000 
dilution) or rabbit anti-human laminin IgG (1:800 dilution) for 48 hr 
at 4°C. Control sections were incubated in a solution lacking the primary 
antisera. They were then rinsed and incubated in biotinylated goat anti- 
rabbit (1:220) for 1 hr at room temperature. After another rinse, the 
sections were incubated in avidin-biotin complex for 1 hr and reacted 
as above. 

After the diaminobenzidine reaction, all sections were mounted on 
chrome alum-gelatin-coated slides, dehydrated through a graded series 
of ethanols, coverslipped, and viewed under bright-field optics. 

Morphometric analysis 

Five sections (40 pm in thickness) through septal area stained immu- 
nohistochemically for NGF receptor were selected for neuronal cell 
counting. These sections were approximately 300, 420, 540, 660, and 
780 pm rostra1 to the decussation of the anterior commissure. The 
medial septum was defined as that area lying above a line drawn between 
the midportions of the anterior commissure, and bound laterally by the 
ventricles. A grid (0.5 x 0.5 mm) was used to count immunoreactive 
septal neurons at 10 x magnification. At this magnification each side of 
the septal area occupied 12 optical fields, and all immunoreactive cell 
bodies within each of these fields were counted, only those neurons 
situated along the midline were not included. Group differences com- 
paring the percentage of NGF receptor-positive cell survival per animal 
for each group of animals were assessed by a one-way ANOVA. 

Morphological analysis of cell size 

The size of immunoreactive perikarya in those animals with either 
NGF-producing or control suspension grafts was determined using a 
Q-2 image analysis system (Olympus Corp.). Using a 10x objective 
lens, areas within the medial septum were selected randomly, and NGF 
receptor-positive somata were sized at that same level, both ipsilateral 
and contralateral to the FF lesion. These measurements of cell size were 
taken from three groups: (1) animals with grafts of NGF-producing 

fibroblasts, (2) animals with grafts of noninfected fibroblasts, and (3) 
animals with no grafts. Group differences comparing cell sizes per an- 
imal for each group were assessed by a one-way ANOVA. Following 
the same criterion used by two previous investigations from our labo- 
ratory (Armstrong et al., 1987; Gage et al., 1988a), only those unam- 
biguous immunoreactive septal somata larger than 80 pm2 were included 
in the three groups. 

Retrograde labeling 

Nine deeply anesthetized animals (as described above) with collagen/ 
fibroblast arafts of either NGF-nroducing (n = 5) or noninfected (n = 
4) cells received, at 8 weeks aftkr surgery, ‘two sfereotaxic placements 
of rhodamine-labeled fluorescent microspheres (200 nl/site) into the 
dentate gyrus and CA2-3 fields in the hippocampus ipsilateral to the 
lesion and graft. Following a 48 hr recovery, the animals were again 
anesthetized and perfused transcardially with 4% buffered paraformal- 
dehyde. Coronal sections of the brains were cut on a freezing microtome 
(40 pm in thickness), mounted on uncoated slides, and coverslipped 
with an aqueous mountant. Injection sites and retrogradely labeled neu- 
rons within the septal areas were visualized under fluorescence micros- 
COPY. 

Ultramicrotomy 
Unstained sections (50 pm in thickness) through collagen/fibroblast 
grafts (both NGF-producing and control) and AChE-stained sections 
through the dentate gyrus ipsilateral to grafts of NGF-producing and 
control grafts were processed for ultrastructural examination. The sec- 
tions were rinsed in phosphate buffer and fixed with 1% osmium te- 
troxide for 2 hr at room temperature. The sections were then rinsed in 
buffer, dehydrated through a graded series of methanols, cleared in 
propylene oxide, and embedded in a mixture of Poly/Bed and Araldite. 
Semithin sections (l-2 wrn in thickness) through the grafts were stained 
with 1% toluidine blue to assess the graft morphology at the light mi- 
croscope level. Ultrathin sections were cut on a Reichert Ultramicro- 
tome, collected on copper grids, and stained with uranyl acetate and 
lead citrate. The sections were viewed with a JEOL CX 100 transmission 
electron microscope. Ultrastructural examination included determining 
the total number of axons across 10 grid squares (two adjacent columns 
of five grid squares, a total area of 960 pm2) in collagen/fibroblast grafts 
from animals receiving either NGF-producing (n = 3) or noninfected 
(n = 3) cells. 

Results 
In vitro analysis of NGF production and secretion 
From Northern blot analysis, the mRNA for NGF was detected 
in male mouse submaxillary gland and in rat primary and im- 
mortalized fibroblasts infected with retroviral vectors contain- 
ing cDNA for mouse NGF (Fig. I). Noninfected primary and 
immortalized fibroblasts did not express mRNA for NGF; nei- 
ther did /3-galactosidase-producing primary fibroblasts. As de- 
termined with the two-site immunoassay, primary skin fibro- 
blasts infected with retroviral vectors containing the cDNA for 
NGF contained low intracellular levels of NGF, approximately 
34 pg NGF/l O5 cells. These same cells, however, secreted higher 
levels of NGF into the culture media, approximately 173 and 
154 pg NGF/hr/105 cells after passages 7 and 16, respectively. 
As revealed by these data, the amount of NGF found in the 
media diminished slightly after several cellular passages in vitro. 
For this reason, NGF-producing fibroblasts used for intracere- 
bra1 implantation were usually taken at a low passage. Nonin- 
fected cells neither contained nor secreted detectable levels of 
NGF. 

Morphological assessment of suspension grafts 

The completeness of FF lesions was assessed in sections stained 
for Nissl substance and AChE. Also, the depletion of AChE- 
positive fibers ipsilateral to the ablation was evaluated in the 
rostra1 hippocampus. Septal NGF receptor-positive neurons were 
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5.5 kb 

1.35 kb ‘II) 

Figure 1. Northern blot analysis of mRNA for NGF among different 
cells and tissue. Hybridization of the probe to RNA from the male 
mouse submaxillary gland (Submax.) is evident. Similar hybridization 
is seen for Fischer rat primary skin fibroblasts genetically-modified to 
exnress NGF (l”RF-NJ). Hvbridization of the Drobe to RNA from 
R&l fibroblast‘s genetically engineered to express NGF (Rat]-N.8-8) is 
also seen, but to a lesser degree. The positively probed RNA from 
primary and Rat1 fibroblasts genetically modified to express NGF is 
larger (w 5.5 kb) than that isolated from male mouse submaxillary gland 
(- 1.35 kb). This size difference is due to the presence of the retroviral 
sequence, including the RNA for the NeoR gene, among infected cells. 
Noninfected immortalized fibroblasts (Control R&l), noninfected pri- 
mary skin fibroblasts (Control I “RF), and primary skin fibroblasts ge- 
netically modified to produce E. coli fi-galactosidase (I “RF-BAG) do 
not express mRNA for NGF. 

Figure 3. A section of an intraseptal graft of primary skin fibroblasts 
stained immunohistochemically for fibronectin, 4 wekks after surgery. 
The suspension graft (G), situated ipsilateral to the FF lesion, displays 
no sign of tumor formation. Scale bar, 0.5 mm. 

assessed morphologically and morphometrically only in those 
animals with a complete FF transection and showing a total loss 
of AChE-positive fibers in the ipsilateral rostra1 hippocampus 
(Fig. 2). 

Four weeks after implanting primary skin fibroblasts into sep- 
tum, sections through this area were stained for Nissl substance, 
fibronectin, and NGF receptor. Suspension grafts of both NGF- 
producing and noninfected fibroblasts were evident within the 

Figure 2. A section of the rostra1 hippocampus stained histochemically for AChE, 4 weeks after surgery. The right hippocampus possesses a rich 
plexus of topographically organized AChE-positive axons, whereas the Zeji hippocampus, ipsilateral to the FF lesion, is completely devoid of labeled 
axons. Scale bar, 1.0 mm. 
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Figure 4. Sections of the medial sep- 
tum stained immunohistochemically for 
NGF receptor, 4 weeks after surgery. 
Ipsilateral to the FF lesion, suspension 
grafts (G) of NGF-producing cells (A) 
are filled with immunostained profiles, 
whereas grafts of noninfected cells (B) 
lack immunoreactivity. Also, note that 
the population of axotomized immu- 
nostained neurons is larger ipsilateral 
to the graft of NGF-producing cells than 
to the graft of noninfected cells. Scale 
bar, 200 pm. 

neuropil of the posterior or medial septal nuclei. The grafts 
contained fibroblasts with elongated nuclei, as well as an extra- 
cellular matrix immunostained for fibronectin (Fig. 3). Capil- 
laries were also evident within these intraparenchymal fibroblast 
grafts. Despite variations in their size and position within the 
septal areas, all grafts were situated ipsilateral to the lesioned 
FF. Suspension grafts of NGF-producing cells also possessed a 
robust plexus of axons stained immunohistochemically for NGF 
receptor (Fig. 4A). With the exception of those grafts exposed 

to the lesion cavity, implants of noninfected cells were usually 
devoid of these immunoreactive processes (Fig. 4B). 

Morphological assessment of collaged’roblast grafts 

Only those animals with a complete unilateral cingulate cortex/ 
FF lesion and possessing a collagen/fibroblast graft in the cavity 
were assessed for the following: (1) saving of NGF receptor- 
immunoreactive septal neurons following axotomy, (2) neuro- 
chemical staining in the grafts and hippocampus, (3) retrograde 
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Figure 5. Immunohistochemical detection of AChE, laminin, and GFAP within collagen/fibroblast grafts, 8 weeks after surgery. A, Grafts (G) of 
NGF-producing fibroblasts contain a dense array of AChE-positive axons. B, In contrast, grafts of noninfected fibroblasts lack AChE-positive fibers 
(solid line marks the outer perimeter of the graft). C’, Immunostaining for GFAP, a subunit of intermediate filament found in astrocytes, reveals 
numerous immunoreactive astrocytic processes projecting from the host tissue and into the perimeter of the NGF-producing graft seen in A. A few 
GFAP-positive cell bodies are also found within the grafts. D, Laminin immunoreactivity reveals a robust vascular plexus within the control 
collagen/fibroblast graft seen in B. Unlike AChE staining, patterns for GFAP,and laminim immunoreactivity are comparable for grafts of either 
NGF-producing or noninfected fibroblasts. S, striamm. Scale bar, 200 pm. 

transport of fluorescent markers from the hippocampus ipsilat- 
era1 to the lesion and grafts, (4) ultrastructural morphology of 
the grafts, and (5) ultrastructural distribution of AChE reactivity 
in the deafferented dentate gyms. 

Nissl staining in the collagen/fibroblast grafts containing ei- 
ther NGF-producing or noninfected cells revealed two distinct 
graft regions: an inner dense collagenous core and a looser re- 
ticular pattern of collagen surrounding the central portion. To- 
luidine staining of semithin plastic sections revealed that all 
grafts were composed of a variety of different cell types within 
and surrounding the dense folds of collagen, including fibro- 
blasts, lymphocytes, mast cells, plasma cells, and endothelial 
cells of capillaries. One noticeable difference between the two 
types of grafts was the pattern of AChE staining. Grafts of NGF- 
producing fibroblasts with a visible connection to the septum 
stained moderately to intensely for AChE, especially at the pe- 

rimeter of the implants, 4 and 8 weeks after implantation (Fig. 
5A). In those cases where no connection was evident between 
the septum and collagen/fibroblast matrices, AChE-positive ax- 
ons were not observed within the NGF-producing grafts. Grafts 
of control fibroblasts contacting the septum also lacked AChE 
reactivity, at both 4 and 8 weeks (Fig. 5B). Although AChE 
staining within NGF-producing and control grafts was markedly 
different, both types of grafts possessed similar patterns of im- 
munostaining for GFAP, laminin, and TH. Astrocytic processes 
stained for GFAP, a subunit of intermediate filaments, extended 
from the damaged neural tissue around the wound cavity and 
penetrated into the outer aspects of the grafts. Occasionally, 
GFAP-positive cells were found within the grafts as well (Fig. 
5 c>. Laminin immunostaining of grafts of NGF-producing and 
noninfected fibroblasts revealed an extensive host-derived vas- 
cular network (Fig. 5D). Also, elongated laminin-immunoreac- 
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Table 1. Percentages of NGF receptor-immunoreactive septal neurons saved (contralateral vs 
ipsilateral) with grafts of NGF-producing fibroblasts or noninfected fibroblasts, or with no grafts, 4 and 
8 weeks following unilateral FF ablation 

Postonerative survival neriod 

NGF-producing collagen/tibroblast grafts 
Control collagen/fibroblast grafts 
NGF-producing suspension grafts 
Control suspension grafts 
No grafts 

Data arc presented as means ? SD. 

4 weeks 8 weeks 

68 k 4 (n = 3)* 62 + 7 (n = 7)* 
47 f  4 (n = 4) 47 k 5 (n = 8) 
75 + 7 (n = 7)** - 

45 k 5 (n = 10) - 

44 k 8 (n = 3) - 

* Collagen/tibroblast grafts of NGF-producing cells sustain a significantly (p < 0.0 I) higher percentages of NGF receptor- 
positive septal neurons at 4 and 8 weeks than did collagen/fibroblast grafts of noninfected cells. 
** Intraseptal grafts of NGF-producing cells maintain a significantly @ < 0.01) higher percentage of NGF receptor- 
positive septal neurons at 4 weeks than did intraseptal grafts of noninfected fibroblasts. The percentages of NGF receptor- 
immunoreactive neurons remaining with either control grafts or no grafts are comparable. 

tive cell bodies, perhaps Schwann cells, were found within and 
around the dense collagen bundles of both types of grafts. Fi- 
nally, all grafts possessed a sparse population of TH-immuno- 
reactive axons, particularly within the dense collagen bundles. 

At the electron microscope level, all grafts consisted of dense 
collagen bundles with a loose outer reticular arrangement at 8 
weeks after implantation. Fibroblasts were seen within the dense 
and reticular collagenous formations, and attenuated fibroblast- 
derived processes enveloped dense bundles of collagen in both 
areas. Capillaries composed of nonfenestrated endothelial cells 
surrounded by basal lamina were found throughout the grafts. 
Several types of cells were also seen within the grafts, including 
lymphocytes, plasma cells, mast cells, and phagocytes. Astro- 
cytes and their processes were found predominantly within the 
loose reticulum around the dense collagen center. The most 
prominent difference between grafts of NGF-producing and 
noninfected fibroblasts was the number of unmyelinated axons. 
Within an area of 960 pm*, 1625 axons were found in a NGF- 
producing graft, compared with 329 axons in a control graft. 
Large numbers of axons were surrounded by or passed along 
narrow processes of astrocytes (Fig. 6A-C); these astrocytic pro- 
files were often arranged in lamellated stacks that lacked basal 
lamina on those membrane surfaces opposing one another. Un- 
myelinated axons were also found near the cell bodies of astro- 
cytes and other cells, including fibroblasts (Fig. 60). Still other 
unmeylinated axons were closely associated with the basal lam- 
ina of capillaries or found in the extracellular matrix of the NGF- 
producing grafts (Fig. 6E). Within grafts of either NGF-pro- 
ducing or noninfected fibroblasts, small numbers of unmyelin- 
ated axons enveloped by Schwann cells and their processes were 
evident in the loose collagenous areas (Fig. 65). A few axons 
were also observed among the dense collagen bundles of both 
types of grafts and were usually ensheathed by attenuated glial 
profiles. 

Septal neuron savings with NGF-producingjbroblasts 
At 4 and 8 weeks after unilateral FF lesions, a striking decrease 
in the number of NGF receptor-positive somata within the 
medial septum was evident ipsilateral to the ablation (Figs. 4, 
7). The number of somata ipsilateral to NGF-producing grafts, 
however, appeared slightly greater than that ipsilateral to control 
grafts. The percentages of NGF receptor-positive septal neurons 
sustained with NGF-producing grafts were significantly higher 
than with grafts of noninfected primary fibroblasts at the same 

time periods, for both suspension and collagen/fibroblast grafts 
(Table 1). Furthermore, the percentage of cell savings observed 
with NGF-producing cells implanted directly within the septal 
area was higher than with collagen/fibroblast grafts placed with- 
in the lesion cavity. Finally, the percentages of lesioned septal 
neurons remaining with either control grafts or no grafts were 
comparable. 

Cell size 
The size of immunoreactive perikarya ipsilateral (n = 2 10) and 
contralateral (n = 292) to FF lesions in animals with suspension 
grafts of NGF-producing or noninfected cells or no grafts was 
assessed. Four weeks after axotomy, a modest shrinkage of NGF 
receptor-positive neurons ipsilateral to the FF lesion was ob- 
served in all the groups. However, no significant differences in 
the size of septal immunoreactive somata were detected among 
the three groups (Table 2). Furthermore, the size of cell bodies 
did not differ significantly between those situated ipsilateral or 
contralateral to the FF lesion. 

New axon growth into the deafferentated dentate gyms 
The normal rat dentate gyrus possesses a dense plexus of septal 
axons and terminals stained for AChE and NGF receptor, ar- 
ranged in a precise laminar pattern (Fig. 8A). Four weeks after 
a unilateral FF ablation and placement of collagen/fibroblast 
matrices containing NGF-producing cells, a moderate plexus of 
AChE-positive axons was evident in the medial and rostra1 
aspects of the deafferented dentate gyrus. By 8 weeks, the density 
of AChE-positive fibers increased markedly, yet most axons 

Table 2. The mean sizes of immunoreactive septal neurons, both 
ipsilateral and contralateral to the FF lesion, 4 weeks after surgery 

Cell size (pm3 

Ipsilateral Contralateral 

NGF-producing 
grafts 157t-7 (n=94) 194 + 22 (n = 123) 

Control grafts 168 rfr 25 (n = 50) 180+ 17(n=79) 
No grafts 176 f  16 (n = 66) 181 f  14(n=90) 

Data are presented as means 5 SD. There are no significant differences in cell 
size among the three groups of animals, those with suspensions grafts of NGF- 
producing cells, those with suspension grafts of noninfected control cells, and 
those with no grafts. 
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Figure 6. Ultrastructural distribution of unmyelinated axons within grafts of collagen and NGF-producing fibroblasts, 8 weeks after surgery. A- 
C, Numerous axons (e.g., approximately 2 15 axons in B) are often associated with astrocytic processes (*) that contain intermediate filament. These 
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Figure 7. Sections of the medial septum stained immunohistochemically for NGF receptor, at low (A, B) and high (a, b) magnifications. A and 
a, The population of immunostained septal neurons is dramatically reduced ipsilateral to FF lesion and a control collagen/fibroblast graft, 8 weeks 
after surgery. B and b, The proportion of immunoreactive neurons ipsilateral to FF lesion and NGF-producing grafts is larger than that with control 
grafts, at the same postoperative period. Also, the neurons surviving with NGF-producing grafts are of comparable size to the unlesioned neurons 
on the contralateral side, whereas those axotomized neurons ipsilateral to control grafts appear shrunken. Septal midline indicated by arrowheads. 
Scale bars: A and B, 200 pm; a and b, 100 pm. 

were still confined to the rostromedial dentate gyrus (Fig. 8B). 
In certain cases, however, a robust plexus of topographically 
organized AChE-positive axons was seen within the dentate 
gyrus and extending laterally into the CA2-3 fields. Although 
the pattern of reinnervation was comparable to the distribution 
of AChE-positive septal axons in the normal undamaged hip- 
pocampus, the density of axons was usually low. Four and eight 
weeks after a unilateral FF transection and placement of col- 
lagen/fibroblast matrices containing noninfected cells, the deaf- 
ferented dentate gyms was completely devoid of axons stained 

t 

for AChE (Fig. 8C’). The distribution of axons stained immu- 
nohistochemically for NGF receptor paralleled that for AChE 
in all animals. Large-diameter axons immunostained for NGF 
receptor or TH were also found in the granular, infragranular, 
and polymorphic layers of the deafferented dentate gyrus (caudal 
portion only) in all cases at 8 weeks (Fig. 80); these axons are 
reminiscent of those that originate from the superior cervical 
ganglion and sprout into the hippocampus following FF lesions 
(Batchelor et al., 1989). 

The precise origin of those septal neurons that regenerated 

astrocytic profiles possess basal lamina (urrowheuds) on those cell surfaces facing the graft extracellular matrix. The axons are usually found apposing 
those astrocytic surfaces lacking a basal lamina. D, Axons are also seen in apposition with fibroblasts Q and other astrocyte-like cells and their 
processes. E, Basal lamina covering the endothelial cells of capillaries (C) within the graft also provide a conducive surface for axon grow, collagen 
fibrils are distributed among the axons. L, lumen of the capillary. F, Unmyelinated axons are also enveloped within Schwann cells (5) and their 
processes. Scale bars, 1 .O pm. 
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Figure 8. Distribution of neurochemically specific axons in the normal (A) and deafferented hippocampus (B-D), 8 weeks after surgery. A, The 
normal hippocampus possesses a topographically organized input of AChE-positive fibers among the laminar divisions of the dentate gyms. B, 
After FF ablation and implantation of control collagen&broblast grafts, the ipsilateral dentate gyms is devoid of AChE-positive fibers. C, After 
FF ablation and implantation of NGF-producing collagen/fibroblast grafts, the ipsilateral dentate gyms possesses a robust AChE-positive fiber 
input; the density, however, is lower than that normally observed. D, In all lesion cases, large-diameter sympathetic axons immunostained for 
NGF receptor are evident in the caudal portions of the hippocampus. G, granular layer; ZM, inner molecular layer; OM, outer molecular layer; P, 
polymorphic layer. Scale bars: A-C, 100 pm; D, 50 pm. 

new axons following FF ablation and reinnervated the deaffer- 
ented hippocampus was determined using retrograde fluorescent 
microspheres. At 8 weeks following unilateral FF ablation and 
placement of either infected or noninfected collagen/fibroblast 
grafts, stereotaxic injections of tracer were made in the ipsilateral 
dentate gyrus and CA2-3 fields. Retrogradely labeled neurons 
were found predominantly within the ipsilateral medial septum 
and diagonal band areas in those animals with NGF-producing 
grafts (Fig. 9A,D). A smaller number of labeled neurons were 
also observed in the septal midline and in the contralateral septal 
nuclei (Fig. 9B,C). Cases with grafts of control noninfected fi- 
broblasts did not possess retrogradely labeled neurons in any 
area of the septal region. 

Electron microscopic examination of the deafferented hip- 
pocampus following the placement of NGF-producing grafts 
revealed a sparse distribution of AChE reactivity within the 
dentate neuropil, predominantly in the molecular layers (Fig. 
10). The electron-dense reaction product was localized to the 

plasma membranes of small-diameter unmyelinated axons and 
terminals containing clear spherical vesicles. AChE-positive ax- 
ons were usually clustered together in groups of three or more, 
and these aggregates of stained axons were often found near 
astrocytic processes. Axon terminals possessing reactivity for 
AChE formed synaptic contacts with dendritic shafts and spines. 
The symmetry of contacts between AChE-positive terminals 
and dendritic profiles of granular neurons, however, was usually 
obscured by the localization of reaction product at the site of 
apposition. Since semithin sections of the deafferented dentate 
gyrus of those animals with control grafts lacked AChE reactiv- 
ity, further analysis was not conducted at the ultrastructural 
level. 

Discussion 
Delivery of NGF in vivo 
Septal neurons that stain immunohistochemically for ChAT and 
NGF receptor are dependent on the availability of exogenous 
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Figure 9. Retrogradely labeled septal 
neurons following stereotaxic place- 
ments of fluorescent microspheres in the 
dentate gyms, 8 weeks after the animals 
received unilateral FF lesion and im- 
plants of NGF-producing collagen/fi- 
broblast grafts. Elongated neurons pos- 
sessing the fluorescent label are present 
in the ipsilateral medial septum/diag- 
onal band (A, D), contralateral diagonal 
band (B), and septal midline (C’). Scale 
bar, 50 pm. 

NGF for survival following axotomy in rats (Hefti, 1986; Wil- 
liams et al., 1986; Kromer, 1987; Gage et al., 1988a; Montero 
and Hefti, 1988) and nonhuman primates (Koliatsos et al., 1990; 
Tuszynski et al., 1990). Exogenous NGF can be delivered within 
the brain by means of a miniosmotic pump that releases small 
amounts of NGF into the ventricular cavity or directly into the 
parenchyma. Investigations using this approach have revealed 
that exogenous NGF can maintain lesioned cholinergic neurons 
of the septal area (- 90% in rats and - 80% in nonhuman pri- 
mates). There are, however, several drawbacks to the long-term 
use of these miniosmotic pumps. First, the biological activity 
of NGF stored within the reservoir may diminish over extended 
periods. Further, only a finite amount of NGF can be stored 
within the reservoir, and thus new NGF must be added peri- 
odically. The infusion of NGF via a cannula within the ventricle 
or parenchyma results in chronic damage of the tissue, and may 

also lead to infection. Finally, mechanical problems may be 
encountered with miniosmotic pumps. 

Genetically modified fibroblasts that produce NGF offer an 
alternative approach to achieve a local delivery of this trophic 
substance to rescue lesioned septal neurons. In fact, these cells 
can act as “biological minipumps” that require a one-time place- 
ment within the brain. To date, allografts of rat 208F and xeno- 
grafts of mouse NIH-3T3 fibroblasts, both infected with retro- 
viral vectors containing the cDNA for /3-NGF in vitro and 
subsequently implanted within the lateral ventricle near the 
perturbed septum of rats, sustained over 90% of axotomized 
cholinergic neurons up to 2 weeks (Rosenberg et al., 1988; 
Stromberg et al., 1990). Data from this investigation reveal 
that grafts of NGF-producing primary fibroblasts can likewise 
support the survival of axotomized septal neurons, albeit to a 
lesser degree (-65-75%). Using primary cells to deliver NGF 
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Figure 10. Topographical (A) and synaptic (SF) distribution of AChE activity within the dentate gyrus 8 weeks after FF ablation and implants 
of NGF-producing fibroblasts in a collagen matrix. A, A coronal section (40 pm) of the dentate gyrus stained for AChE, taken immediately adjacent 
to that tissue examined at the ultrastructural level. AChE-positive fibers are evident in the inner (ZM) and outer (OM) molecular layers and granular 
layer (G). AChE-positive somata and fibers are also found in the polymorphic layer (P). B and C, Clusters of AChE-positive unmyelinated axons 
are found throughout granular (B) and molecular (c) layers. S, soma of granular neuron. SF, AChE-positive terminals form synaptic contacts 
(arrowheads) with dendritic shafts (S/z) and spines (Sp) in the molecular layers. Astrocytic processes (As) are usually seen near clusters of AChE- 
positive axons and terminals in the dentate gyms. Scale bars: A, 25 pm; B, 0.5 pm; C, 0.25 pm (for C-F). 

within the rat CNS has two particular advantages over immor- 
talized cell lines. First, intrastriatal grafts of primary skin fibro- 
blasts maintain a constant size between 4 and 8 weeks, and show 
no propensity to form tumors up to 6 months after implantation 
(Kawaja et al., 1991; Kawaja and Gage, 1992). Grafts of im- 
mortalized cell lines, on the other hand, often give rise to tumors 
following implantation within the brain. For instance, rat 208F 
cells create large intraventricular grafts 2 weeks after implan- 
tation, yet by 4 weeks these grafts atrophy significantly (M. B. 
Rosenberg and F. H. Gage, unpublished observations). Al- 
though Strijmberg et al. (1990) did not report the growth of 
grafts composed of 3T3 cells in vivo, recent data from Horellou 
et al. (1990) revealed that NIH-3T3 cells genetically modified 

to produce TH form large intracerebral tumors. Thus, the pos- 
sibility of tumorigenesis by immortalized cell lines grafted into 
the brain remains problematic. Second, histocompatibility of 
donor cells with the recipient nervous system may be an im- 
portant factor determining the long-term survival of cells not 
derived from the host (for review, see Widner and Brundin, 
1988). Autologous and isologous grafts of primary skin fibro- 
blasts survive up to 8 weeks and 6 months in the striatum of 
Sprague-Dawley and Fischer 344 rats, respectively (Kawaja et 
al., 199 1; Kawaja and Gage, 1992). Equally important is the 
fact that the grafts appear viable and contain numerous fibro- 
blasts. The survival of these grafts appears to be promoted 
through the histocompatibility between the donor and recipient. 
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One plausible explanation for the atrophy of allografts of rat 
208F cells observed 4 weeks after implantation (Rosenberg and 
Gage, unpublished observations) may be immune rejection. The 
survival of mouse NIH-3T3 cells in the rat brain, as reported 
by Stromberg et al. (1990), can only be sustained through daily 
immunosuppression therapy. In conclusion, we suggest that us- 
ing primary cells for gene transfer and intracerebral grafting is 
one approach to obviate concerns of tumor formation and his- 
toin compatibility often associated with immortalized and 
transformed cell lines. 

NGF-induced cell savings 

Results from the present investigation reveal that grafts of NGF- 
producing primary fibroblasts are able to prevent a significant 
percentage of NGF receptor-positive neurons from cell death 
following axotomy. Thus, as with infusions of exogenous NGF 
into the lateral ventricle (Hefti, 1986; Williams et al., 1986; 
Kromer, 1987; Gage et al., 1988a; Montero and Hefti, 1988) or 
grafts of NGF-producing immortalized fibroblasts (Rosenberg 
et al., 1988; Stromberg et al., 1990) intracerebral grafts ofNGF- 
producing primary fibroblasts can successfully sustain perturbed 
septal neurons. The percentage of cells saved with NGF-pro- 
ducing primary fibroblasts, either injected directly within the 
septal parenchyma (- 7 5%) or suspended within a collagen ma- 
trix and placed in the lesion cavity (-65%), is much lower than 
that achieved with either intraventricular infusions of NGF or 
implants of NGF-producing immortalized fibroblasts (both 
strategies sustain over 90%). Assuming the rates of NGF release 
from genetically modified cells in vivo are similar to those in 
vitro, grafts of 208F cells and primary skin fibroblasts secrete 
0.2 and 0.5 ng/hr, respectively (Yoshida and Gage, unpublished 
observations). Despite a higher rate of NGF production in vitro 
by primary fibroblasts over immortalized 208F cells, the im- 
mortalized cells are able to sustain a larger proportion of axo- 
tomized cholinergic/NGF receptor-positive neurons of the me- 
dial septum than the primary fibroblasts. One reason may be 
that genetically modified primary fibroblasts, but not immor- 
talized fibroblasts, downregulate the expression of the transgene 
following implantation (Palmer et al., 199 1; Scharfmann et al., 
199 1). Another possible explanation for this disparity may be 
the dose of NGF delivered to axotomized neurons with both 
types of grafted cells. On the one hand, immortalized cells tend 
to form tumors following intracerebral grafting, thereby exhib- 
iting robust proliferative activity (208F cells, Rosenberg et al., 
1988; 3T3 cells, Horellou et al., 1990). On the other hand, 
primary fibroblasts grafted into the rat brain do not give rise to 
intracerebral tumors. In fact, we suspect that the population of 
primary cells between 3 and 8 weeks after grafting is smaller 
than that initially implanted (Kawaja and Gage, 1992). Thus, 
it is likely that different in vivo growth patterns of immortalized 
and primary cells directly influence the collective levels of NGF 
production by these intracerebral grafts; that is, higher rates of 
cell growth result in higher levels of collective NGF production. 
This proposal is supported by the fact that exogenous NGF 
released from miniosmotic pumps at a rate of 12.5 ng/hr (a rate 
more than 25 times that assumed to be initially released from 
genetically modified cells) also rescues over 90% of lesioned 
cholinergic neurons within the rat septum (Gage et al., 1988a). 

Although implants of NGF-producing primary skin fibro- 
blasts have a significant effect on the survival of axotomized 
NGF receptor-positive neurons of the rat septum up to 4 weeks, 

such grafts do not influence the size of immunoreactive peri- 
karya. Following unilateral ablation of the FF and intraventric- 
ular infusions of NGF, no significant changes in cell size were 
evident among cholinergic neurons in the ipsilateral medial sep- 
tum 2 weeks after perturbation (Gage et al., 1988a). These data 
from Gage et al. (1988a) and from the present investigation 
reveal that axotomized cholinergic/NGF receptor-positive neu- 
rons of the medial septum are of comparable size to unlesioned 
neurons, and that NGF does not significantly alter the size of 
axotomized septal cholinergic neurons at these doses. Recently, 
Koliatsos et al. (1990) reported that lesioned cholinergic peri- 
karya within the primate septum undergo marked hypertrophy 
in response to very high doses of NGF (a total of 5 mg). How- 
ever, in a similar paradigm of chronic infusions of NGF (180 
&ml) in the primate ventricle, Tuszynski et al. (1990) reported 
no obvious hypertrophy of axotomized septal neurons. While 
it remains to be determined whether lesioned cholinergic neu- 
rons of the rat septal area would exhibit a similar increase in 
cell size in response to high levels of NGF, these data suggest 
that hypertrophy of perturbed cholinergic neurons of the septum 
is inducible at high doses of NGF. 

NGF-induced axon growth 

One of the hallmarks of the adult mammalian CNS is that new 
axons generated following perturbation can only grow a rela- 
tively short distance within the brain (Ramon y Cajal, 1928). 
There are several hypotheses as to why axons of adult neurons 
are unable to regenerate in response to damage. First, injury 
within the adult brain induces astrocytes to proliferate, hyper- 
trophy, and contribute greatly to the formation of scar tissue 
(for review, see Reier et al., 1989). Such astrocytic scars are 
unable to provide a conducive substrate for axon elongation, 
and thus appear to act as a physical impediment to regrowing 
axons (Brown and McCough, 1947; Clemente, 1955; Windle, 
1956; Reier et al., 1983; Liuzzi and Lasek, 1987). Second, my- 
elin-associated substances released following damage to brain 
have been shown to inhibit axon growth in vitro (Schwab and 
Caroni, 1988; Schwab, 1990). Finally, a lack of axonal regen- 
eration in the adult CNS may be due, in part, to inadequate 
levels of trophic or trophic molecules that induce neuronal re- 
generation and promote axon growth, respectively (Reier et al., 
1989). Despite these many factors that may impede axon re- 
generation within the adult brain, certain neurons in the rat 
CNS, especially retinal ganglion neurons and septal cholinergic 
neurons, exhibit a remarkable potential to extend new axons 
into various types of grafts, including segments of autologous 
peripheral nerve (David and Aguayo, 198 1; Benfry and Aguayo, 
1982; Hagg et al., 1990a), cultured Schwann cells within a col- 
lagen matrix (Kromer and Combrooks, 1985) embryonic rat 
hippocampus (Kromer et al., 198 1; Tuszynski et al., 1990) and 
human amnionic membrane (Davis et al., 1987; Gage et al., 
1988b). Although these different tissues are able to provide per- 
missive substrates (e.g., Schwann cells, laminin) for regrowing 
axons of retinal ganglia and/or septal cholinergic neurons, re- 
generation of most damaged CNS axons remains impaired due 
to one or more of the following: the formation of astrocytic 
scars, the presence of myelin-associated inhibitory proteins, or 
a paucity of either growth factors or substrate-specific molecules. 

As mentioned, a number of different types of tissues have 
been successfully used to bridge new axon growth from septal 
neurons to the deafferented dentate gyrus. While grafts of au- 
tologous sciatic nerve, cultured Schwann cells within a collagen 
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matrix, fetal rat hippocampus, and human amnionic membrane 
are all able to provide a conducive environment for regenerating 
axons of rat septal neurons, the time period necessary for axons 
to traverse the graft and extend into the hippocampus varies 
considerably. Septal axons appear to grow best within grafts 
containing Schwann cells and reach the hippocampus as early 
as 1 month after surgery (Kromer and Cornbrooks, 1985; Hagg 
et al., 1990a). With human amnionic tissue (Davis et al., 1987; 
Gage et al., 1988b) and fetal rat hippocampus (Kromer et al., 
198 1; Tuszynski et al., 1990), AChE-positive septal fibers within 
the deafferented hippocampus are observed at 8 weeks and 3 
months, respectively. Grafts of NGF-producing fibroblasts within 
a collagen matrix also support the growth of new septal fibers, 
such that a sparse reinnervation of the hippocampus is evident 
as early as 4 weeks. By 8 weeks, the density of axons within the 
hippocampus is clearly greater than that seen at 4 weeks. Im- 
plants of noninfected cells in collagen offer little or no support, 
since the ingrowth of septal AChE-positive fibers to the hip- 
pocampus is negligible and no labeled cells are found in the 
septal area ipsilateral to the dentate gyrus following placements 
of retrograde tracer. Together, these data reveal that septal axons 
are able to use many different graft environments, including 
NGF-producing collagen/fibroblast matrices, for growth. 

An important question that remains to be addressed is wheth- 
er the regeneration of NGF-sensitive axons can occur in the 
presence of conducive substrates alone, or if NGF is a require- 
ment to promote and maintain the new growth of septal axons 
in the adult brain. In the case of peripheral nerve grafts, Schwann 
cells are not only preferred substrates for axon growth (Fallon, 
1985) but are also a cellular source of NGF (Heumann et al., 
1987; Matsuoka et al., 1991). Although grafts of acellular pe- 
ripheral nerve cannot support the growth of regenerating axons 
(Berry et al., 1988; Smith and Stevenson, 1988; Hagg et al., 
1991; cf. Sketelj et al., 1989) recent evidence has shown that 
pieces of acellular sciatic nerve incubated in a solution of NGF 
for 24 hr prior to implantation can serve as a viable environment 
for growing septal axons after ablation (Hagg et al., 199 1). Fur- 
ther, the degree of hippocampal reinnervation by septal fibers 
achieved with grafts of fetal hippocampal tissue can also be 
augmented with concomitant infusions of NGF (Hagg et al., 
1990b; Tuszynski et al., 1990). Our data indicate that collagen 
grafts containing primary skin fibroblasts induce a similar in- 
growth of capillaries with basal lamina, astrocytes, and Schwann 
cells, regardless of whether the primary cells are noninfected or 
genetically modified to produce NGF. Also, the extracellular 
matrices ofboth types of grafts are similar, such that the patterns 
of laminin immunostaining and collagen distribution are com- 
parable. The real differences between NGF-producing grafts and 
control grafts lie in the markedly increased degree of AChE 
staining and the abundance of unmyelinated axons within the 
former grafts. Prominent AChE reactivity is evident only in 
NGF-producing grafts; control grafts usually lack AChE stain- 
ing. Both types of grafts, however, possess a sparse population 
of TH-immunoreactive fibers, as well as axons enveloped within 
Schwann cells and their processes; we suggest that most axons 
associated with these glial elements represent TH-positive sym- 
pathetic ingrowth. Furthermore, NGF-producing grafts possess 
numerous axons that are ensheathed by astrocytic processes, 
pass along the basal lamina of capillaries and astrocytes, or 
extend within the loose arrangements of collagen. Control grafts, 
on the other hand, possess only a very small population of axons 
within the extracellular environment. From these collective data, 

it appears that NGF-sensitive axons arising from perturbed sep- 
tal neurons require NGF and a permissive graft environment 
for new growth. Using grafts of genetically modified cells that 
produce NGF in vivo, we have shown that regenerating septal 
axons will grow on a variety of different substrates only in the 
presence of NGF. Without elevated levels of NGF, axons do 
not regenerate in response to control grafts consisting of collagen 
and noninfected fibroblasts, even though the same cellular and 
extracellular substrates are available. 

Previous studies examining the regenerative capacity of septal 
cholinergic neurons in the rat following axotomy and grafting 
have often referred to the “reinnervation” of the deafferented 
hippocampus with certain bridging grafts. To date, however, no 
investigation has provided direct morphological evidence that 
AChE-positive septal axons within the hippocampus actually 
innervate postsynaptic targets. Ultrastructural data from our 
study reveal that axons stained for AChE activity are sparsely 
distributed within the deafferented dentate gyrus 8 weeks after 
FF lesion and grafting of NGF-producing fibroblasts. These 
axons are often seen in clusters of two or more. The ultrastruc- 
tural organization of AChE-positive septal axons is similar to 
our recent observations that septal axons stained immunohis- 
tochemically for NGF receptor also form small aggregates within 
the normal rat dentate gyrus (Kawaja and Gage, 1991a). In 
addition, these newly formed AChE-positive axons give rise to 
terminals that form synaptic contacts with dendritic shafts and 
spines in the deafferented dentate gyrus. The pattern of synaptic 
contacts between septal cholinergic axons and granular dendritic 
profiles is comparable to that normally found in the rat dentate 
gyms; axosomatic contacts between cholinergic axons and gran- 
ular neurons are rare (Shute and Lewis, 1966; Clarke, 1985). It 
is worth noting that when grafts of fetal septum are implanted 
within the adult rat dentate gyrus after FF ablation, cholinergic 
axons from the grafts innervate the somata of granular neurons 
at higher frequency than normal (Clarke et al., 1986). Further, 
the number of graft-derived cholinergic axons contacting den- 
dritic profiles decreases dramatically (Clarke et al., 1986). These 
data suggest that while the cholinergic axons from fetal septal 
grafts within the deafferented dentate gyrus form unique syn- 
aptic arrangements with granular neurons, septal axons that 
regenerate across NGF-rich grafts of collagen and fibroblasts 
recapitulate at least some aspects of the normal synaptic orga- 
nization within the dentate gyrus. 
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